Abstract-A differential equation relating the voltage at the output of an operational amplifier U0 and the difference between the input voltages (U+ and U−) has been derived. The crossover frequency f0 is a parameter in this operational amplifier master equation. The formulas derived as a consequence of this equation find applications in thousands of specifications for electronic devices but as far as we know, the equation has never been published. Actually, the master equation of operational amplifiers can be found in the seminal article by Ragazzini, Randall and Russell [J. R. Ragazzini, R. H. Randall and F. A. Russell, "Analysis of Problems in Dynamics by Electronic Circuits", Proc. of the I.R. E. 35, no. 5, pp. 11-19, (1947); Eq. (6), Eq. (7), Eq. (32)], but for more than 70 years it was not analyzed and cited in journals and specifications of operational amplifiers. During World War II, John Ragazzini was involved in the Manhattan Project ["John Ragazzini, 76, Educator and Engineer",The New York Times, November 24, 1988] working on significant projects in the field of electronics and therefore it would be deservedly to say that the master equation we propose is "Manhattan equation" for operational amplifiers. As it is well forgotten, this equation can be considered as new. As an illustrative example of the Manhattan equation, the crossover frequency of a dozen ADA4898-2 operational amplifiers has been measured. The exact knowledge of the crossover frequency f0 is necessary when we need to precisely determine the non-ideal effects of operational amplifiers. For instance, in cases when there is a need of an exact calculation of the pass bandwidth of amplifiers with active filters, the Manhattan equation is indispensable.
I. INTRODUCTION
The non-inverting amplifier is one of the most frequently used circuits in electronics. We will not cover it with thousands of references but we will confine our attention to a singular example. The specifications of ADA4817 [1] gives the frequency-dependent amplification Υ(ω), which is the ratio between the output U 0 and input U I voltages, as
where (after some change in notation): r is the gain resistance; R is the feedback resistance; ω is the angular frequency and τ 0 is the time-constant, parameterized by the crossover frequency
and j = −i is the imaginary unit more frequently used in electronics. It is interesting to compare this result and the well-known amplification formula from the well known monograph [2]
where G(ω) is the frequency-dependent open-loop gain of the operational amplifier, used in the relation
between the input and output voltages. The comparison between Eq.
(1) and Eq. (3) shows that
where the DC open-loop gain G 0 1 and the second term is negligible in any high-frequency applications. Here we suppose that all voltages are sinusoidal and monochromatic U ∝ e jωt , and so s can be seen as a time
where s = jω is its eigenvalue.
II. MASTER EQUATION FOR OPERATIONAL AMPLIFIERS
We can always switch between frequency and time representations
and so we obtain the master equation of all operational amplifiers
Despite the fact that this master equation is implicitly present in tens of thousands of publications in electronics, it has never been published in explicit form. Perhaps the first hints of such a dependence have been given by Hendrik Bode [3] , but the term operational amplifier had yet been canonized at that time.
Coining the term operational amplifier [4] , John Ragazzini [5] summarizes the experience of significant engineering developments from the Manhattan project [6] and therefore it would be deservedly to say that Eq. (8) There is no doubt that the engineers from those times were familiar with operational calculus and complex analysis. But that is not the case for the contemporary textbooks in electronics entitled in the style "The Handicraft of Electronics" addressed to users abhorring complex numbers and differentiation. This probably is the main reason a method for the crossover frequency f 0 measurement not to be described. One of the goals of the current work is a simple method for the determination of τ 0 and f 0 . Let introduce the modulus of the complex amplification Y (ω) = |Υ(ω)| 2 . When s is purely imaginary, from Eq. (1) we obtain
Experimental data in the Y −2 versus f 2 plane for operational amplifier ADA4898-2 [7] are depicted in Fig. 1 . A simplified method for quick determination of f 0 without using a linear regression is also shown in Fig. 1 . For a relatively small frequency (1 kHz for instance), the amplification Y 0 is measured and next the frequency f 1/n is measured, for which the amplification Y (f 1/n ) is n times smaller than Y 0 , i.e. Y (f 1/n ) = Y 0 /n. For the illustrative example from Fig. 1 and n=2, the crossover frequency is
In this way using a dozen ADA4898-2 we obtained f 0 = (46.6 ± 1.3) MHz or the separate operational amplifiers have approximately 3% fluctuations created by uncertainty of our output voltage 1 V p−p measured by oscilloscope Hitachi V-252; cf. the values pointed out in the specification [7] . As
re-denoting for closed-loop gain and n = √ 2 
The formula corresponding to 1/Y 2 = 2 in Fig. 1 is an exact result for the master equation Eq. (8) In the specification [7] , see Tables 1 and 2 1 which is the main domain of the operational amplifiers market. Engineers of electronics which to project devices working at frequencies much lower than f 0 and for a precise analysis we needs to evaluate the nonlinearity corrections.
IV. DISCUSSION AND CONCLUSIONS
The exact knowledge of the crossover frequency f 0 is necessary when we need to precisely determine the non-ideal effects of operational amplifiers. For instance, in cases when there is a need of an exact calculation of the pass bandwidth of amplifiers with active filters, the Manhattan equation is indispensable. We hope that our work will induce further tutorial descriptions in AnalogDialogue for the determination of the crossover frequency using graphical representation of the real data for operational amplifiers, for example f CROSSOVER = 410 MHz for ADA4817 [1] , [7] .
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